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Abstract Y-doped barium cerate BaCe0.9Y0.1O3 − δ was syn-
thesised by a solid-state reaction method. Materials with dif-
ferent average grain sizes and grain boundary surface areas
were obtained. The effect of microstructure on the chemical
stability in the CO2 and H2O-containing atmosphere and elec-
trical properties was analysed and discussed. To evaluate the
chemical stability of BaCe0.9Y0.1O3 − δ, the exposure test was
performed. Samples were exposed to the carbon dioxide and
water vapour-rich atmosphere at 25 °C for 700 h.
Thermogravimetry supplied by mass spectrometry was ap-
plied to analyse the samples before and after this comprehen-
sive test. The mass loss for samples before and after the test
and the amount of BaCO3 formed during the test were directly
treated as the measure of chemical instabili ty of
BaCe0.9Y0.1O3 − δ in the atmosphere rich in carbon dioxide
and water vapour. As it was observed, the BaCe0.9Y0.1O3 − δ
chemical stability towards CO2 and H2O is not affected by the
materials’ microstructure. Electrical properties of
BaCe0.9Y0.1O3 − δ which differs with microstructure were de-
termined using electrochemical impedance spectroscopy
(EIS). It was found that the grain interior resistivity and acti-
vation energy of grain interior conductivity is microstructure
independent. However, the effect on microstructure was seen
on the EIS spectra in the range of grain boundary contribution.
Therefore, the lowest activation energy and the highest con-
ductivity were observed for a material with the lowest grain
boundary surface area.
Keywords Doped barium cerate . Microstructure . Proton
conductors . Chemical stability . Activation energy
Introduction
Materials based on barium cerate are widely study as potential
proton-conducting solid-state electrolytes. One of the most
investigated systems is BaCeO3 doped with trivalent ions
Me3+, e.g. Y3+ or Yb3+ [1–4], according to the following
equation (Kröger-Vink notation used):
2CexCe þ OxO þMe2O3→2Me
0
Ce þ V••O þ 2CeO2 ð1Þ
Creation of oxygen vacancies plays an important role in
proton conduction which appears in water vapour and
hydrogen-containing atmosphere. However, insufficient
chemical stability in the CO2 and H2O-rich atmospheres is
still one of the greatest disadvantages of this type of materials,
results in a decrease of mechanical properties and leads to
disintegration of materials.
For polycrystalline materials, the contribution of grain
boundaries is inversely proportional to the grain size, as the
reduction of grain size simply leads to an increase of the con-
tact area. Consequently, the amount of grain boundaries in-
creases. Concerning the blocking effect of grain boundaries
especially for barium zirconate and barium cerate materials,
the increase of total conductivity can be observed for small-
grain size samples. The effect of microstructure on electrical
properties of BaCeO3-based materials was not extensively
studied. Generally, the electrical properties of grain interior
are not affected by the microstructure. The conductivity and
the activation energy of grain interior conductivity are irre-
spective to the size of the grains [5, 6]. However, an influence
of a synthesised procedure can be observed [7]. The effect of
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microstructure on the grain boundary electrical properties
seems to be a more complex issue. As it was reported for
gadolinium and niobium-doped barium cerate, the specific
grain boundary conductivity seems to be independent on the
grain size [8, 9]. Though, the activation energy of grain
boundary conductivity shows significant changes with the mi-
crostructure [10]. For materials based on barium compounds
sintered in the relatively high temperature, the change in the
composition of grain boundaries caused by e.g. barium
vaporisation or segregation of second phases on the grain
boundaries can result in a decrease of grain boundary conduc-
tivity [5].
The insufficient chemical stability of BaCeO3-based mate-
rials is the result of the tendency of barium cerate to convert to
barium carbonate or barium hydroxide in CO2 and H2O-con-
taining atmospheres according to the following reactions:
BaCeO3 þ CO2→BaCO3 þ CeO2 ð2Þ
BaCeO3 þ H2O→Ba OHð Þ2 þ CeO2 ð3Þ
The thermodynamic data suggest that barium cerate is an
unstable phase in the wide temperature range [11–13]. The
ΔG of the reaction of barium carbonate formation (Eq. 2) is
negative at 25 °C; however, it increases with temperature. It
implies that stability of BaCeO3 towards carbon dioxide rises
with temperature. Chemical stability of BaCeO3-based mate-
rials in CO2 and water vapour is widely discussed in the liter-
ature; however, the working conditions (temperature 400–
750 °C) of devices made of barium cerate [14–17] are mainly
considered. Nevertheless, the effect of microstructure on
chemical stability of this type of materials was not yet
analysed. It should be mentioned that the chemical stability
of BaCeO3-based materials analysed in this work refers to
room temperature (25 °C) and simulates the storage condi-
tions of electrochemical devices made of barium cerate-
based materials.
The purpose of this work is to determine the influence of
microstructure on the chemical stability and electrical proper-
ties of 10 % mol Y-doped barium cerate. This comprehensive
study regards to the stability of BaCe0.9Y0.1O3 − δ towards
CO2 and water vapour at low-temperature exposure (simulat-
ing storage conditions) along with the analysis of
BaCe0.9Y0.1O3 − δ grain interior and grain boundary electrical
properties.
Experimental
Samples of Y-doped barium cerate were synthesised by a
solid-state reaction method. All reagents used during material
synthesis were delivered by Aldrich Chemical Company Inc.:
barium carbonate (BaCO3, ≥99 %), cerium(IV) oxide (CeO2,
99.9 %) and yttrium oxide (Y2O3, 99.99 %). Powders were
mixed and impregnated with the yttrium oxide solution in
nitric acid (concentration 0.36 M), dried at 85 °C for 12 h
and crushed in the agate mortar. The prepared mixture of the
precursor was formed in the pellet die and calcinated at
1200 °C for 24 h. Obtained materials were crushed, milled
in absolute alcohol suspension (ZrO2 grinding media) and,
after drying, formed in a pellet die, isostatically pressed
(2.0 MPa) and sintered in air at 1600 °C. The only difference
between the samples was the time of sintering; 3, 6, 9 and 24 h
of sintering were applied. All prepared materials were stored
in the desiccator to avoid any secondary reactions.
To define the phase composition and crystallographic
structure of sintered materials, the X-ray diffraction (Philips
X’Pert with CuKα radiation) was applied. Microstructure
characterisation was performed based on scanning electron
microscopy (SEM) (Nova NanoSEM 200 FEI and Oxford
Instruments).
To evaluate the chemical stability of the samples for CO2
and H2O, the comprehensive exposure test was performed.
Samples were exposed to the carbon dioxide and water
vapour-containing atmosphere (7% CO2 in air, 100% relative
humidity (RH)) at 25 °C for 700 h. All samples before and
after the exposure test were heated in the SDT 2960 TA
Instruments apparatus (mass of samples 50 mg, heating rate
10 °C/min, synthetic air flow) coupled with the QMD 300
ThermoStar Balzers mass spectrometer.
The electrical properties were determined based on electro-
chemical impedance spectroscopy (EIS) measurements car-
ried out in the frequency response analyser FRA 1260 coupled
with the dielectric interface (DI) 1296A (both from Solartron
Analytical Inc., USA). The measurements were performed on
sintered pellets as a function of temperature (20–500 °C) for
three gas atmospheres: synthetic air, water vapour-saturated
synthetic air and 5 % H2 in Ar. The measurements were per-
formed in the frequency range of 10−1–106 Hz with the am-
plitude of sinusoidal voltage of 0.02 V. Before each measure-
ment, samples were equilibrated for at least 30 min at given
conditions (temperature and gas atmosphere). The values of
equivalent circuit components were determined using ZView
2.0 software (Scribner Asc., USA).
Results and discussion
Structure and microstructure
Concerning the relatively high sintering temperature and the
extended time of sintering, the barium vaporisation from the
samples was observed. Sintered samples were polished for
removing the surface barium-deficient layer to minimise the
Ba-deficit effect and to standardise the chemical composition
of all samples tested. All measurements were performed on
polished materials. Figure 1 shows the comparison of X-ray
1406 Ionics (2016) 22:1405–1414
diffraction (XRD) data for samples sintered for different
times. It was found that for all BaCe0.9Y0.1O3 − δ samples, a
single-phase perovskite material was formed, interpreted as
orthorhombic (space group Pmcn, ICSD collection code:
79001). However, slight differences in texture were observed.
The effect of sintering time on microstructure is shown in
Fig. 2. SEM microphotographs were performed on fractured
samples. The extension of sintering time leads to an increase
of the average grain size from 2.5–4.0 μm for 3 h of sintering
to 8.0–12.0 μm for 24 h of sintering. Moreover, for relatively
long sintering time (9–24 h), the results of material defects,
e.g. dislocations, can be observed. The stereology was applied
to estimate the close porosity and grain boundary surface area
[18]. The results are summarised in Table 1. Extensions of
sintering time leads to significant changes in the
BaCe0.9Y0.1O3 − δ microstructure. The porosity is comparable
for all samples, but the amount of grain boundaries, which is
strongly correlated with the grain size, is sintering time depen-
dent. After 3 h of BaCe0.9Y0.1O3 − δ sintering, the average
grain size is 2.5–4.0 μm and the grain boundary surface area
is about 0.70 μm2/μm3. A twofold increase of sintering time
Fig. 2 SEM microphotographs of surface fracture of BaCe0.9Y0.1O3 − δ-sintered samples. Time of sintering: 3 (a), 6 (b), 9 (c) and 24 (d) h
Fig. 1 XRD results of BaCe0.9Y0.1O3 − δ with different sintering times
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(up to 6 h) results in almost double enlargement of
BaCe0.9Y0.1O3 − δ grain size (5.0–7.0 μm) and double reduc-
tion of the surface area of grain boundary (0.35 μm2/μm3).
Extension of sintering time to 9 and 24 h leads to a progressive
increase of grain size (6.0–9.0 and 8.0–12.0 μm, respectively)
and a decrease of grain boundary surface area (0.30 and
0.25 μm2/μm3, respectively), but these changes are not
tremendous.
In summary, the time of sintering strongly affects the mi-
crostructure of BaCe0.9Y0.1O3 − δ materials, mainly the grain
size and grain boundaries properties. The crystallographic
structure is sintering time independent; however, the long
sintering time can result in a difference of the samples’ texture.
Chemical stability
The poor chemical stability in the corrosive atmosphere is one
of the greatest disadvantages of the materials based on barium
cerate. Thermal analysis combined with mass spectrometry
was already established as the proper tool for evaluation of
the chemical stability of BaCeO3-based materials [19, 20]. All
samples were exposed to the CO2 and H2O-containing atmo-
sphere for the same period of time which allows the compar-
ative analysis. During this exposure test, barium carbonate and
barium hydroxide formation can proceed as the result of
BaCeO3 reaction with CO2 and H2O, respectively (Eqs. 2
and 3). The XRD analysis of the sample after the exposure
test (Fig. 3) shows the presence of barium carbonate: the result
of the reaction runs during the test. The second phase is
orthorhombic (Pmcn) barium cerate. However, for the low
values of 2θ, the increase of background suggests the presence
of amorphous phase, probably the barium hydroxide and/or
cerium(IV) oxide, the second product of conversation reaction
of barium cerate to barium carbonate. Figure 4 shows the
thermogravimetry (TG) curves for samples before and after
the exposure test. The mass loss observed for all samples
before the test does not exceed 0.3 % and is connected with
the degradation of materials in the temperature range 500–
700 °C. For materials after the exposure test, the shape of
TG curve is also similar for all samples tested.Moreover, three
regions on TG curves can be distinguished with the total mass
loss around 1.2–1.5 %. The first region covers the temperature
range 30–300 °C, the second one 300–775 °C and the last one
temperatures above 775 °C.
The TG curves supplied bymass spectrometry (MS) results
are presented in Fig. 5. Ion current lines for m/z=18 and m/
z=44 describe evolving water and carbon dioxide during the
thermal treatment of the samples. The first region on TG curve
(below 300 °C) can be treated as dehydration of the samples
and removing the water absorbed on the samples’ surface or in
the pores during the test. However, for samples before the test,
this process is irrelevant due to the lack of mass loss below
300 °C. The samples’ behaviour described in the second re-
gion on TG curves differs from that of the materials before and
after the test. For samples before the test, thermogravimetry
curve and m/z=18 ion current line imply liberation of water
from all samples regardless the sintering time applied. The
mass loss calculated for the temperature range 450–750 °C
for all samples is about 0.30 %. The relatively high tempera-
ture (above 500 °C) excludes releasing of the absorbed water.
The XRD analysis of initial samples showed single-phase bar-
ium cerate. Thus, the H2O evolved in high temperature should
be the result of processes run in the samples. Probably, it can
be the effect of destruction of the protonic defects in
BaCe0.9Y0.1O3 − δ as shown in the following reaction:
2OH•O↔H2Oþ OxO þ V••O ð4Þ
Especially, that amount of yttrium which, indirectly, is the
protonic defect cause is the same for all samples and the mass
loss for all samples before the test is very similar. Moreover,
for samples after the test, a similar behaviour is observed,
namely liberation of water in the temperature range 500–
Fig. 3 XRD results of BaCe0.9Y0.1O3 − δ sample after the exposure test
(black line) and after the TG/MS measurements (green line)
Table 1 Grain size, porosity and
grain boundary surface area of
BaCe0.9Y0.1O3 − δ materials
Sintering time
3 h 6 h 9 h 24 h
Average grain size (μm) 2.5–4.0 5.0–7.0 6.0–9.0 8.0–12.0
Porosity (%) 2.5 ± 0.3 3.0 ± 0.5 1.5 ± 0.5 2.5 ± 0.6
Grain boundary surface area (μm2/μm3) 0.70 ± 0.05 0.35± 0.02 0.30 ± 0.03 0.25± 0.01
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700 °C. Unfortunately, the lack of plateau on TG curves ex-
cludes the precise calculation of mass loss. However, the com-
parison of m/z=18 ion current line for samples before and
after the test for different sintering times (Fig. 6) implies that
analysed effect is sintering conditions and exposure experi-
ment independent.
Fig. 5 TG curves andm/z=18 andm/z=44 ion current lines of BaCe0.9Y0.1O3 − δ decomposition before and after the exposure test (3 and 24 h of sintering)
Fig. 4 TG curves of
BaCe0.9Y0.1O3 − δ decomposition
before and after the exposure test
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Figures 5 and 6 clearly show that for samples after
the test, an additional effect combined with releasing
water is observed in the range 350–500 °C. It can be
attributed to the decomposition of barium hydroxide
Ba(OH)2 formed during the exposure test as the result
of BaCeO3 reaction with H2O (Eq. 3) which was also
reported in [21]. According to the literature, the decom-
position temperature of pure Ba(OH)2 is about 410 °C
[22]. It should be noticed that the amount of barium
hydroxide in the samples after the test is impossible to
calculate or even to estimate based on TG curve. The
Ba(OH)2 decomposition step is not clearly separated and
overlaps with the step of protonic defect degradation.
The slight mass loss suggests that the amount of formed
Ba(OH)2 is significantly low. Moreover, the XRD anal-
ysis of the samples after the test does not show the
presence of crystalline barium hydroxide. Probably, the
amount of Ba(OH)2 was below the detection point of
the method appl ied or bar ium hydroxide was
amorphous.
The last stage of sample degradation (region III, Fig. 4)
is seen only for samples after the test, and it is connected
with releasing CO2 (Fig. 5) as the only gaseous product.
The XRD analysis of the samples after the test (Fig. 3)
clearly shows the presence of barium carbonate; the result
of the reaction between barium cerate and CO2 runs dur-
ing the exposure test. Three mechanisms of the last stage
of degradation were considered:
1. Decomposition of barium carbonate
BaCO3→BaOþ CO2
2. Reverse reaction to the reaction proceed during the test
BaCO3 þ CeO2→BaCeO3 þ CO2
3. Two-step reaction of BaCeO3 formations
BaCO3→BaOþ CO2
BaOþ CeO2→BaCeO3
All proposed ways of material degradation in the last
stage lead to the same mass loss and the same gaseous
product (CO2). According to the XRD results for samples
after the TG/MS measurement (Fig. 3), the major crystal-
line phase is orthorhombic (Pmcn) barium cerate.
However, the presence of amorphous phase with an
Fig. 6 m/z = 18 ion current lines of BaCe0.9Y0.1O3 − δ decomposition before and after the exposure test for different sintering times
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unidentified composition is also seen. Concerning the TG/
MS procedure, especially the short time of sample expo-
sure to the relatively high temperature (1000–1100 °C),
the first possibility, decomposition of barium carbonate,
formed during the exposure test, seems to be the most
probable reaction occurred. However, it can only be sup-
posed, not definitely stated. The calculations performed
based on TG curve allow to evaluate BaCO3 content in
the BaCe0.9Y0.1O3 − δ samples after the exposure test
(Table 2). As it was observed, the amount of formed
barium carbonate was comparable for samples with differ-
ent microstructures. Thus, it can be suggested that the
chemical stability of BaCe0.9Y0.1O3 − δ towards CO2 is
not affected by the materials’ microstructure. The differ-
ences in the TG shape and the total mass loss are mainly
the results of different mass losses in the first step of
decomposition, namely the ability to absorb water.
Electrical properties
In order to determine the influence of the BaCe0.9Y0.1O3 − δ
microstructure on the electrical properties, the electrochemical
impedance spectroscopy (EIS) measurements were performed
as a function of temperature (20–500 °C) and gas atmosphere
(synthetic air, water vapour-saturated synthetic air and 5 % H2
in Ar). The introduction of Y into cerium position in BaCeO3
leads to the creation of the oxygen ion vacancies which result
in oxygen ion conductivity in inert and dry atmospheres.
However, in higher temperatures, hole conductivity may also
be observed [23]. In water or hydrogen-containing atmo-
spheres, the proton conductivity appears. Concerning the tem-
perature of EIS measurements (up to 500 °C), the results of the
oxygen ion conductivity in air and the proton conductivity in
100 % RH air and 5 % H2 in Ar should be observed. Figure 7
shows the representative Nyquist plots obtained for H2 (5 %)
in Ar at 423 K for BaCe0.9Y0.1O3 − δ samples sintered for 3, 6,
9 and 24 h. Two semicircles, corresponding to the grain inte-
rior (bulk) and grain boundary impedance, can be observed for
all samples. At low frequencies, the part of the spectra related
to the electrode can also be noticed. The electrode properties
are not discussed in this work; thus, these parts of the spectra
were not analysed. The EIS spectra were fitted using the
Fig. 7 Nyquist plots of the BaCe0.9Y0.1O3 − δ with different microstructures in the H2 atmosphere (5 % in Ar) at 423 K
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equivalent circuit consisting of two connections in series sets
of resistors (Rs) and constant phase elements (CPEs) connect-
ed in parallel related to bulk and grain boundary contribution,
respectively. Assignment of R1 and R2 values to the resis-
tance of grain interior and grain boundary was performed
based mainly on the CPE values. The obtained capacitance
values were found to be in the range of 10−11–10−10 and 10−9–
10−8 F for CPE1 and CPE2, respectively, independent of the
gas atmosphere. These values are typical for bulk and grain
boundary properties [24]. Consequently, R1 and CPE1 ele-
ments can be interpreted as resistance and capacitance of bulk.
Furthermore, R2 and CPE2 elements can be assigned to grain
boundary resistance and grain boundary capacitance, respec-
tively. The grain interior conductivity (σgi) and the grain
boundary conductivity (σgb) were calculated concerning the
geometry of the sample and grain interior resistance (Rgi) or
grain boundary resistance (Rgb) obtained based on the EIS
measurements: σgi/gb =L / (A ·Rgi/gb), where L and A are the
sample thickness and the electrode area, respectively.
Figure 8 presents the obtained results in Arrhenius coor-
dinates. The resistivity of bulk depends on the temperature
and gas atmosphere (Fig. 8). However, for the same tem-
perature and gas atmosphere, the grain interior resistivity
value is comparable for samples sintered for 3, 6, 9 and
24 h (Figs. 7 and 8). Therefore, it can be suggested that
bulk resistivity does not depend on the microstructure of
the material. Moreover, the activation energy (Ea) of grain
interior conductivity, calculated based on Arrhenius plots
and summarised in Table 3, is atmosphere and microstruc-
ture independent. The determined value of Ea about
0.50 eV is in agreement with previously reported values
for BaCe0.9Y0.1O3 − δ materials [6, 25].
The resistivity of grain boundary depends on the tempera-
ture and gas atmosphere, which is similar as it was observed
for bulk contribution. However, the effect of microstructure is
also seen. The changes in the resistivity are not significant;
Fig. 8 Arrhenius plots for BaCe0.9Y0.1O3 − δ samples with different microstructures under dry air, wet air (100 % RH) and H2 (5 % in Ar) atmospheres
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nevertheless, concerning the sintering time, some observation
can be made. For the same temperature and atmosphere, the
differences in resistivity for samples sintered for 3, 6, 9 and
24 h usually do not exceed half of order or an order of mag-
nitude. The resistivity of the sample sintered for 24 h is gen-
erally the lowest for most of the cases. Moreover, the activa-
tion energy of grain boundary conductivity depends on the
atmosphere and microstructure (Table 3). The values of acti-
vation energy of grain boundary conductivity clearly suggest
the different mechanisms of conductivity in wet air/hydrogen
in Ar (proton conductivity) and dry synthetic air (oxygen ion
conductivity). The calculated values stay in agreement with
the literature data. The activation energy of proton conductiv-
ity is reported to be 0.5–0.6 eV [26, 27], and for oxide ion
conductivity, the activation energy is about 0.75–0.8 eV [23].
The effect of materials’ microstructure is reflected in the
values of Ea. The activation energy of grain boundary conduc-
tivity decreases with increasing the sintering time.
Accordingly, for the highest grain boundary surface area (sam-
ple after 3 h of sintering), the Ea reaches the highest value for
all atmospheres. Figure 9 shows the dependence of activation
energy on the materials’microstructure understood as the vol-
ume of grain boundary surface area. This comparison suggests
that two factors affect the Ea of grain boundary conductivity.
The average grain size is one of them. However, it should be
noticed that extension of sintering time to 24 h leads not only
to the decrease of grain boundary volume but also to the im-
perfection of grain boundaries (Fig. 2). Thus, the influence of
grain boundary defects on the activation energy of grain
boundary conductivity cannot be excluded.
Conclusions
The solid-state reaction method was applied to synthe-
sise the BaCe0.9Y0.1O3 − δ which differs with the micro-
structure. The comparative exposure test (7 % CO2 in
air, 100 % RH, 25 °C, 700 h) allowed to evaluate the
chemical stability of Y-doped barium cerate towards
CO2 and H2O. The amount of formed barium carbonate
was comparable for samples with different microstruc-
tures the same as the total mass loss. Thus, the
BaCe0.9Y0.1O3 − δ chemical stability towards CO2 and
H2O is not affected by the materials’ microstructure. It
can be suggested that the grain boundaries are not in-
volved in barium cerate conversion to barium carbonate
or barium hydroxide and are not responsible for the
chemical instability of BaCe0.9Y0.1O3 − δ in the corrosive
gas atmosphere.
Based on EIS measurements, the grain interior and
grain boundary contribution to the conductivity of
BaCe0.9Y0.1O3 − δ was estimated. It was observed that grain
interior conductivity and its activation energy are micro-
structure independent. The slightly effect of grain size was
noticed for the conductivity of grain boundary. Moreover,
the differences in the activation energy of grain boundary
conductivity were not significant but the trend was clearly
seen, namely the decrease of Ea with a decrease of the
grain boundary surface area. Thus, the microstructure can
slightly influence only the grain boundary electrical prop-
erties of BaCe0.9Y0.1O3 − δ.
Fig. 9 f Activation energy of grain boundary conductivity as a function
of grain boundary surface area for dry air, wet air (100 % RH) and H2
(5 % in Ar) atmospheres
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3 0.48± 0.03 0.76± 0.05 0.50± 0.01 0.56± 0.02 0.50 ± 0.01 0.63 ± 0.07
6 0.51± 0.02 0.75± 0.11 0.53± 0.02 0.55± 0.03 0.51 ± 0.02 0.61 ± 0.07
9 0.48± 0.02 0.80± 0.13 0.52± 0.02 0.51± 0.04 0.50 ± 0.02 0.55 ± 0.06
24 0.48± 0.02 0.56± 0.15 0.51± 0.01 0.48± 0.02 0.51 ± 0.01 0.54 ± 0.03
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